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Myocarditis is a major cause of heart failure in adults, described as an inflammation of the myocardium resulting in a loss of ventricular systolic function [1, 2] . Viral infection of the heart is the most common cause of myocarditis and has thus been studied intensively in an effort to develop effective treatment strategies [1, 3, 4] . A number of anti-inflammatory therapies are currently being developed to reduce myocardial inflammation that often accompanies an acute infection and predicts subsequent development of dilated cardiomyopathy [1, 4] . As myocytes are terminally differentiated and non-regenerating cells crucial to heart function, effective antiviral therapeutics could limit the initial damage induced by viral infection and thereby reduce the severity of inflammatory sequealae. In a 2003 Phase II clinical trial, recombinant interferon (IFN)-β was proven effective in the treatment of viral myocarditis [5] .
Belonging to the family of Picornaviridae, the positive-sense single-stranded (ss) RNA Coxsackievirus B3 (CVB3) is one of the most common pathogens associated with viral myocarditis [6] [7] [8] [9] [10] . Along with the closely related polioviruses, CVB3 has evolved strategies to subvert the innate immune response. In cardiac myocytes, where there is a particularly high basal expression of IFN-β, CVB3 is nevertheless able to replicate efficiently [11, 12] . In vitro data suggest that CVB3 mediates ablation of IFN-β transcription in poly I:C-treated human fibroblasts [13] . At the level of translation, the CVB3 2A protease rapidly and selectively reduces translation of cellular mRNAs by cleaving eukaryotic translation initiation factor 4 gamma and poly(A)-binding protein, while maintaining its own internal ribosome entry site-driven viral protein synthesis [14] [15] [16] [17] [18] [19] . Mediated by the virus-encoded non-structural proteins 2B and 3A, CVB3 also inhibits cellular protein trafficking and secretion as another mechanism of immune evasion [20] , including restriction of the surface expression of major histocompatibility class I (MHC-I) molecules [21] . Notably, the homologous poliovirus 3A protein has been shown to inhibit the secretion of IFN-β, interleukin (IL)-6 and IL-8 and might have a similar role in CVB3-infected cells [22] . As CVB3 so effectively represses 5′-capped mRNA translation in infected cells, thereby limiting a host antiviral response, we investigated the dynamics of an antiviral response in mice lacking the translational suppressor, eukaryotic initiation factor 4E binding protein-1 (4E-BP1). CVB3 exhibits a very specific pattern of interference with the host cell machinery by activating the PI3K/Akt signalling pathway that is upstream of 4E-BP1, yet independently inhibiting 5′-capped mRNA translation that is governed by 4E-BP1. Previously, we have shown that mouse embryonic fibroblast (MEF) cells lacking this repressor of 5′-capped mRNA translation, 4E-BP1, induce greater expression of antiviral proteins upon IFN-α4 stimulation and are more sensitive to the effects of IFN-α4 treatment when challenged with encephalomyocarditis virus [23] . In the present study we demonstrate that 4E-BP1 plays a negative regulatory role in an IFN-α/β-mediated antiviral response to CVB3 infection and show that the absence of 4E-BP1 enhances the responsiveness to IFN-β treatment.
Methods

Animals, cells and virus
4E-BP1
+/+ and 4E-BP1 -/-mice (C57Bl/6 background) were maintained in a sterile, pathogen-free environment according to the Animal Care Committee guidelines of the Toronto General Research Institute (Toronto, ON, Canada). Splenocytes were isolated by the mechanical dissociation of spleens harvested from 4E-BP1 +/+ and 4E-BP1 -/-mice at 8 weeks of age. Cells were stimulated in plates coated with anti-CD3 and anti-CD28 antibodies (BD Pharmingen, Mississauga, ON, Canada) for 2 days followed by the addition of 50 U/ml mouse IL-2 (mIL-2; R&D Systems, Minneapolis, MN, USA) in 10% fetal calf serum (FCS) RPMI-1640 medium supplemented with 50 µM β-mercaptoethanol (Invitrogen, Burlington, ON, Canada). Proliferating cells were harvested by Lympholyte ® (Cedarlane, Burlington, ON, Canada) separation, according to the manufacturer's instructions. Primary CD3 + T-cells were seeded at a density of 10 6 cells/ml, MEFs derived from 4E-BP1 +/+ and 4E-BP1 -/-mice [23] were maintained in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% heat-inactivated FCS, 100 U/ml penicillin and 100 µg/ml streptomycin. CVB3 strain, Charles Gauntt, was propagated in HeLa cells as previously described [24] .
IFN treatment and virus infection
In vitro Cells were plated at a subconfluent density in 2% medium prior to treatment with IFN and incubated at 37°C in 5% CO 2 . Following a 12 h treatment with IFN-β or IFN-α4, cells were infected with CVB3 at a multiplicity of infection of 1.0 in 2% FCS DMEM and the virus was allowed to adsorb for 90 min. Cells were then washed three times with 2% FCS DMEM and incubated for a further 12 h. Cells were lysed in phosphate-buffered saline (PBS) by three freeze-thaw cycles at -80°C. Virus titres were then determined by standard plaque assay in HeLa cells.
In vivo
Mice aged 6-12 weeks were injected intraperitoneally with 100 µl PBS carrier or mouse IFN-β. This injection was followed 4 h later by intraperitoneal inoculation with 10 3 plaque-forming units (pfu) of CVB3. At the indicated times, mice were euthanized and hearts were aseptically removed and frozen in liquid nitrogen. After three freezethaw cycles, viral titres were determined by plaque assay in HeLa cells and expressed as pfu/g of tissue.
Histopathology
Heart tissue was harvested from CVB3-infected mice and processed for haematoxylin and eosin (H&E) staining of thin sections. Whole hearts were fixed in 10% (v/v) formalin (Sigma, Oakville, ON, Canada), embedded in paraffin and sectioned at 5 µm. Cross-sectioned tissues were stained with H&E. Leukocyte infiltration was quantified using a blind scoring method (0, no infiltration; 1, sparse infiltration; 2, moderate infiltration; 3, severe infiltration).
Results
IFN-α/β invokes enhanced antiviral effects in cells lacking the translational suppressor 4E-BP1
In a first series of experiments we examined the effects of IFN-α/β treatment on the replication of CVB3 in MEFs derived from 4E-BP1 +/+ and 4E-BP1 -/-mice. As the doubling time of 4E-BP1
-/-cells is shorter than that of their wild-type counterparts and, as a consequence, 4E-BP1 -/-cells support increased CVB3 replication over a period of 12 h, the effects of IFN-α4 and IFN-β treatment are presented as fold reduction in viral replication rather than as absolute pfus ( Figure 1A and 1B MEFs. In subsequent experiments, we examined the antiviral effects of IFN-α/β in primary cells derived from wild-type and 4E-BP1 -/-mice, namely splenocytes. Notably, these primary cells exhibited no differences in their proliferative capacity whether derived from wild-type or 4E-BP1 null mice. As for the MEFs, the data demonstrate that the absence of 4E-BP1 enhances sensitivity to the antiviral effects of IFN ( Figure 1C and 1D ).
IFN-β elicits a stronger antiviral effect in mice lacking the translational suppressor 4E-BP1
Previously, we demonstrated that mice lacking IFN-β are more susceptible to CVB3 infection than wild-type mice; other studies have consistently shown that IFN-α/β treatment reduces the severity of CVB3-induced myocarditis [5, [24] [25] [26] [27] . To investigate the role that mice (PBS as mock treatment) succumbed between days 3 and 5 post-infection. Heart viral titres indicate an acute viral infection with peak viral burden 3 days post-infection, followed by progressive clearance of the virus from the heart 7 days post-infection ( Figure 2 ). As anticipated, mice treated with IFN-β were more active and did not exhibit such severe disease symptoms as their mock treated counterparts. Comparison between untreated (carrier alone) 4E-BP1 +/+ and 4E-BP1 -/-mice revealed only modest differences in viral titres during the course of infection. Consistent with previous reports, treatment with IFN-β elicited a protective effect in the hearts of CVB3-infected mice, reducing the viral titres. Interestingly, 4E-BP1 -/-mice showed an enhanced sensitivity to IFN-β treatment, as indicated by an approximate 2 log-fold lower viral load in mice treated with 10 5 U IFN-β than that measured in the 4E-BP1 +/+ -treated mice at the peak of infection, day 3 post-infection. A lesser, but still notable reduction in viral load in the hearts of 4E-BP1 -/-mice was also observed at the lower treatment dose of 10 4 U IFN-β.
IFN-β treatment reduces inflammation in the hearts of CVB3-infected mice
An important aspect of CVB3-induced myocarditis is the degree of infiltration of leukocytes into the infected myocardium. In an earlier study we showed that IFN-β null mice are more susceptible to CVB3-induced myocarditis with increased infiltration of leukocytes into the myocardium [24] . Accordingly, we next examined the effects of IFN-β treatment on leukocyte trafficking into the myocardium of CVB3-infected mice and assessed whether or not translational suppression mediated by 4E-BP1 contributes to a reduction in this leukocyte infiltration. Scoring of H&E-stained heart sections confirmed the previously described observation that IFN-β treatment reduces myocardial inflammation ( Figure 3 ). Our data reveal that there are less inflammatory infiltrates in the hearts of untreated 4E-BP1 -/-mice than 4E-BP1 +/+ mice. We were unable to detect a difference in the extent of myocardial leukocyte infiltration between untreated and IFN-β-treated 4E-BP1 -/-mice. Close examination of infiltrating cells at high magnification (400×) reveals different immune cell types, including monocytes, neutrophils and T-cells ( Figure 3A , panels vii-ix).
Discussion
IFNs exhibit pleiotropic effects in the context of innate and adaptive immunity. Accordingly, they have clinical application as therapeutics for viral, neurodegenerative and malignant diseases [28, 29] . Type I IFNs are rapidly produced in response to virus infection, inducing an antiviral state in neighbouring cells and thereby limiting the spread of virus. Following cell surface receptor activation in target cells, IFNs-α/β invoke a series of intracellular signalling events that culminate in the expression of approximately 300 IFN-sensitive genes. In addition to the well-described transcriptional regulation exerted by IFN-α/β through the Janus kinase/ signal transducers and activators of transcription pathway, we have identified a novel pathway whereby IFN-α/β coordinately regulate translation though the phosphatidylinositol-3 kinase/mammalian target of rapamycin (PI-3′K/mTOR) pathway [23, 30, 31] . Recent studies have highlighted important roles for PI-3′K/mTOR signalling in the regulation of IFN-α/β induction via Toll-like receptor signalling [32] [33] [34] and there is evidence that the absence of translational suppressors 4E-BP1/2 enhances the production of virusinduced IFN-α/β [35] .
Distinct from these studies, which investigated the importance of PI-3′K/mTOR signalling in the induction of IFN-α/β by viral or synthetic stimuli, we sought to examine the effects of IFN-α/β treatment on the PI-3′K/ mTOR pathway in the context of viral infection. Given the evidence supporting an important role for IFN-α/β in viral myocarditis, and our earlier observation that cells lacking the translational suppressor 4E-BP1 are more sensitive to IFN-α treatment, we reasoned that treating 4E-BP1 null mice with IFN-β would elicit a more robust innate immune response to CVB3 infection. Within the microarchitecture of the myocardium, unique roles have been attributed to cardiac fibroblasts and cardiac myocytes in the context of a viral infection [11, 12] . A model has been proposed whereby cardiac myocytes express high basal levels of IFN-β, thereby inducing high basal levels of interferon regulatory factor 7 in an autocrine fashion. This effectively pre-arms the myocyte innate immune response to rapidly produce IFN-α in response to viral infection and stimulate fibroblasts to produce antiviral proteins to further limit viral spread. Intriguingly, fibroblasts express high basal levels of IFN-α/β receptor 1 and are thus highly sensitive to the IFN-α/β produced by myocytes. We speculate that this cooperative interplay between cardiac myocytes and cardiac fibroblasts is affected in the absence of translational repression, in such a way as to enhance the innate immune response through the translation of antiviral proteins.
Data presented here demonstrate the importance of translational regulation in an IFN-α/β antiviral response to infection. Consistent with previously published in vitro data using a related Picornavirus, encephalomyocarditis virus, we show that MEFs and splenocytes lacking the translational suppressor 4E-BP1 are more sensitive to the effects of IFN-α4 and IFN-β treatment than their wild-type counterparts when infected with CVB3: lower IC 90 values for IFN-α4 and IFN-β were observed in the 4E-BP1 -/-MEFs compared with the 4E-BP1 +/+ MEFs. Whereas this differential sensitivity is evident across the range of IFN-β doses examined, we note that this is not the case for IFN-α4 treatment at lower doses, highlighting a potential difference in antiviral potency between these two type I IFN subtypes. Moreover, IFN IC 90 values suggest a greater antiviral potency of IFN-β compared with IFN-α4. It is worth noting that although CVB3 is considerably more virulent, and antagonises an IFN-α/β response [13, 22] , enhanced IFN-α/β responsiveness is still observed in 4E-BP1 -/-cells. Viral myocarditis is a particularly insidious disease, as acute viral infection of the myocardium often leads to autoimmunity where the host's own inflammatory immune response damages the heart, ultimately leading to dilated cardiomyopathy. Several studies have shown that a reduction in T-cell infiltration into the heart improves the outcome of viral myocarditis and that type I IFNs contribute towards limiting T-cell infiltration [25, [36] [37] [38] . As anticipated, our data revealed less cell infiltration in the hearts of mice treated with IFN-β. We speculate that this might be due to a reduced level of necrosis in the myocardium, resulting from an inhibition of viral replication by IFN-β. It is also interesting to note that the degree of leukocyte infiltration in mock-treated 4E-BP1 -/-mice was comparable with the level of infiltration measured in IFN-treated mice. Although the viral titres do not reflect a difference between 4E-BP1 +/+ and 4E-BP1 -/-mice early in the infection, at 7 days post-infection the mock-treated 4E-BP1 -/-mice appear to be clearing virus as efficiently as the IFN-β-treated mice.
Data presented in this study provide evidence supporting the utility in targeting the PI3'K/mTOR signalling pathway, specifically the translational suppressor 4E-BP1, to augment the antiviral activity of IFN-β.
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